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Abstract A study of the ability of His6-tagged ribosomal
protein S7 of Thermus thermophilus to interact with the
truncated S12^S7 intercistronic region of str mRNA of
Escherichia coli has been described. A minimal S7 binding
mRNA fragment is a part of the composite hairpin, with the
termination codon of the S12 cistron on one side and the
initiation codon of the next S7 cistron on the other. It has a
length in the range of 63^103 nucleotides. The 63 nucleotide
mRNA fragment, which corresponds to a putative S7 binding
site, binds very poorly with S7. Tight RNA structure models,
which behave as integral systems and link the S7 binding site with
the translational regulation region of the hairpin, are suggested.
This observation provides more insight into the mechanism of S7-
directed autogenous control of translational coupling of str
mRNA.
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1. Introduction
Ribosomal (r) biogenesis is a very consuming process and is
therefore subject to tight regulation. The synthesis of the r
proteins adjusts to the synthesis of rRNA by autogenous con-
trol. One gene of the r protein operon encodes a regulatory r
protein which controls both its own expression and the ex-
pression of some other proteins of the operon. During bal-
anced cell growth newly synthesized regulatory r protein binds
to the rRNA and assembles into the ribosome. If the level of
rRNA synthesis is decreased dramatically an excess of the r
protein turns o¡ the synthesis of most (or all) proteins of the
operon, which balances the level of the r components. This
mechanism is based on the ability of the single regulatory r
protein for highly speci¢c interaction (recognition) with cer-
tain regions of both rRNA and mRNA [1].
Beside S4, a key regulatory r protein for the ribosomal
small subunit biogenesis is S7. During Escherichia coli riboso-
mal assembly S7 binds to the 3P-domain of the 16S rRNA and
promotes binding of the other r proteins of the domain [2,3].
Dragon and Brakier-Gingra [4] have found that a minimal
16S rRNA binding region for S7 is a rather small rRNA
fragment, just 108 out of 1542 nucleotides. S7 is the regula-
tory protein for the str operon [5,6]. The autogenous control
of the str operon of E. coli has several peculiarities. It has a
tangible basal level of S7 synthesis not regulated by S7 [5].
The size of the regulatory S12-S7 intercistronic mRNA region
is large, about 100 nucleotides [6]. It is very interesting that
this regulatory mRNA region turned out to be one of the
most extended regions among known cistrons translated by
the mode of translational coupling [1]. By chemical and enzy-
matic probing Saito and Nomura [6] have mapped the binding
region of S7 for the 412 nucleotide fragment of the str
mRNA. It turned out to be a 59 nucleotide RNA segment
of the S12-S7 intercistronic hairpin (380 to 322, taking the
¢rst A in AUG of the S7 cistron as +1, Fig. 3A).
Therefore, ribosomal small subunit biogenesis regulation in
E. coli cells is governed by two types of very speci¢c RNA-
protein interactions: S7^16S rRNA and S7^str mRNA. A
comparative study of the structure of these two RNP com-
plexes will lead to deciphering the mode of autogenous con-
trol of ribosomal biogenesis. More generally, it will allow us
to understand the phenomenon of recognition of di¡erent
RNA structures by a single protein.
A study of the ability of His6-tagged ribosomal protein S7
of Thermus thermophilus to interact with the small truncated
S12^S7 intercistronic region of str mRNA of E. coli has been
described. The 63 nucleotide mRNA fragment, which corre-
sponds to a putative S7 RNA binding site [6], binds very
poorly with S7. This incongruity between our data and those
of Nomura has led us to suggest more organized RNA struc-
ture models than proposed earlier [6]. They behave as integral
systems and link the S7 binding site with the functional trans-
lational region of the hairpin. This observation provides more
insight into the mechanism of S7-directed autogenous control
of translational coupling of str mRNA.
2. Materials and methods
The initial template for the synthesis of str mRNA fragments was
pDD151, a 5P derivative of pDD157 described earlier [7]. Transcrip-
tion from authentic T7 promoter yielded a 151 nucleotide mRNA
fragment. Truncated DNA templates were made by PCR. Left prim-
ers (3, 5) had the additional non-complementary sequence of T7 RNA
polymerase promoter (underlined). Right primers (4, 6) determined
the 3P-end of the RNA product.
1. GTAAAACGACGGCCAGT (standard forward sequenc-
ing primer)
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(The non-complementary sequence of primer 6 creates the restriction
site, marked in italics.).
Radioactive RNA was transcribed in vitro from DNA template [8]
using K-[32P]UTP (Physico Energy Institute, Obninsk, Russia) with T7
RNA polymerase (MBI, Fermentas, Lithuania; or kindly provided by
S. Kochetkov, IMB RAS, Russia). RNA was puri¢ed by 8% PAGE
with 7 M urea. Speci¢c radioactivity was calculated as Cerenkov
counts per A260 (5000^50 000 cpm/pmol).
His6-tagged recombinant ribosomal protein S7 of T. thermophilus
was isolated as described [9], combining several mini-scale prepara-
tions. Protein concentration was determined by both Laemmli PAGE
and the standard Bradford method. The molecular weight of the
recombinant S7 was calculated as 19.3 kDa.
The complex was formed in 200 Wl of the bu¡er 20 mM Tris-Ac, pH
7.8, 7 mM MgCl2, 300 mM NH4Cl, 4 mM mercaptoethanol, 0.002%
bovine serum albumin (MBI, Fermentas, Lithuania). RNA and pro-
tein were incubated separately, then together at 42‡C for 30 min. The
protein binding isotherm was measured by the nitrocellulose ¢lter
binding assay (0.45 Wm, Millipore HA or Schleicher and Schuell
BA85), the £ow rate was 0.5 ml/min. RNA concentrations were as
indicated, and the protein concentration was varied. The ¢lters were
counted by Cerenkov in water. The data were approximated from
several experiments using the computer program Origin 4.00 (USA).
3. Results and discussion
The three-dimensional structures of two thermophilic S7
ribosomal proteins have recently been determined by X-ray
analysis [10,11]. However, a structural study of complexes of
thermophilic S7 with both rRNA and mRNA fragments is
currently not available. Most of the biochemical research
has been con¢ned to the traditional object E. coli. Therefore,
as an intermediate step in our study, it seems reasonable to
use heterologous complexes of a thermophilic protein with
functionally de¢ned RNA fragments of E. coli. Recently Ta-
naka et al. [12] presented a preliminary computer model of the
three-dimensional structure of the heterologous complex of
Bacillus stearothermophilus S7 with a E. coli 16S rRNA frag-
ment. For other r proteins of the small subunit, S8 and S15
[13,14], usage of heterologous complexes had also provided
some advantages, in spite of all obvious potential imperfec-
tions.
From two functionally important types of the S7-RNA
complexes, i.e. with the str mRNA [7] and with the 16S
rRNA [4], the ¢rst one has been selected for an initial struc-
tural study. S7 of T. thermophilus is able to bind correspond-
ing fragments of RNAs of E. coli in vitro. It binds both a
minimal fragment of 16S rRNA (108 nucleotides) and the
small regulatory S12^S7 intercistronic region of str mRNA
of E. coli (157 nucleotides), as we have shown earlier [7].
The second complex is the most stable among the S7 RNP
complexes known to date. The secondary structure of the
mRNA intercistronic region, proposed by Saito and Nomura
[6], seems to be simpler than the one corresponding to the 16S
rRNA binding site of S7 [4]. Thus this mRNA fragment can
be considered an attractive candidate for structural research.
However, the large size of the complex makes it di⁄cult to
apply direct methods of structural analysis. A preliminary
stepwise deletion analysis of the mRNA fragment was per-
formed, and the ability of the truncated mRNA fragments
to bind S7 was measured by nitrocellulose ¢lter binding as-
says.
Conventional conditions for ribosomal reconstitution are
commonly used to study ribosomal ribonucleoprotein com-
plexes: 20 mM Mg2, 350 mM KCl. However, for every par-
ticular complex the conditions might have to be speci¢c ones.
As the ¢rst step of the research, conditions for complex for-
mation were optimized for two key parameters.
For optimization of the Mg2 concentration a high ionic
strength, 300 mM NH4Cl, was applied to reduce possible non-
speci¢c interactions. The binding of S7 to mRNA151/240 does
not vary signi¢cantly (Fig. 1A). (Here and throughout the rest
of the article the ¢rst number after ‘mRNA’ corresponds to
the length of the sense mRNA fragment, and the second to
the total RNA length). There is a slight maximum at 7^12
mM Mg2. The lowest value, 7 mM, was taken for further
study.
For the ionic strength value, a very clear maximum was
revealed at 200 mM NH4Cl (Fig. 1B). For further study a
slight higher concentration of the salt was selected, 300
mM, to reduce possible non-speci¢c interactions.
The study of the interaction of S7 with three mRNA frag-
Fig. 1. A: Mg2 concentration dependence of S7-RNA151/240 com-
plex formation according to the nitrocellulose ¢lter binding assay.
300 mM NH4Cl. RNA-protein ratio 1:6. B: NH4Cl concentration
dependence of S7-RNA151/240 complex formation according to the
nitrocellulose ¢lter binding assay. 7 mM Mg2. RNA-protein ratio
1:6.
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ments was performed at the optimal conditions. S7 binding
with the initial mRNA fragment was done with the 240 nu-
cleotide RNA, where 151 nucleotides came from str mRNA,
the others were transcribed as the 3P-end additional sequence
from the vector (mRNA151/240). For mRNA151/240 the pla-
teau value of the binding isotherm can be reached at a 10^14
molar excess of the protein. This value is much less than was
shown for other thermophilic ribosomal proteins, S8 and S15
[13,14]. The complex is more stable than the one described
earlier for conditions of integral reconstitution of the ribo-
some [7].
The ¢rst truncated derivative of the mRNA, mRNA103/104
(3100 to +3), corresponds exactly to the str mRNA intercis-
tronic region. Saito and Nomura [6] proposed a secondary
structure model of the fragment as a single composite hairpin
with the termination codon of S12 on one side and the ini-
tiation codon of S7 on the other (Fig. 3A). Compared to
mRNA151/240, mRNA103/104 has a major deletion of the
3P-end sequence of the coding region of the S7 cistron. The
truncated mRNA103/104 derivative binds to S7 with about
the same a⁄nity as the original mRNA151/240 (Fig. 2). In-
teresting peculiarities of this mRNA fragment have been ob-
served during variations of renaturing conditions. Values for
complex formation vary in the range of 2^3-fold, which may
indicate a possible conformational variability of this RNA
fragment. It may be proposed that the deletion of the 3P-
end nucleotides of the S7 cistron yields a loss of RNA struc-
tural elements which sustain a proper RNA structure.
The second truncated derivative of the intercistronic str
mRNA region, mRNA63/68, corresponds to the S7 RNA
binding site, proposed by Saito and Nomura [6]. It is the
upper part (382 to 320) of the composite hairpin. It has
stem III on one side and might be considered a relatively
self-contained part of the RNA, if the proposed secondary
structure is correct. S7 binds very poorly with the
mRNA63/68 (Fig. 2). This means that Nomura’s footprinting
localization of the protein binding site on the mRNA [6] re-
vealed just the protein contact regions of mRNA, rather than
the protein binding RNA fragment as it is.
Considering our data together with those of Saito and No-
mura, it might be strongly suggested that either the RNA
binding site of the protein is more extended or some deleted
RNA structural elements, which are not directly involved in
Fig. 2. Scatchard plot for S7 binding with the truncated S12^S7 in-
tercistronic region of str mRNA. [RNA]0 and [P]0 are initial RNA
and protein concentration, respectively [RNA151/240]0, 15 nM;
[RNA103/104]0, 46 nM; [RNA63/68]0, 21 nM; [P]0 : 0^300 nM.
[RNP] = [retained RNA]; [P] = [P]03[RNP]. Ka (WM31): RNP151/
240 = 7.6 (v1.6), RNP103/104 = 6.9 (v1.5), RNP63/68 = 1.3 (v1.0).
Fig. 3. Putative models of a secondary structure of the S12^S7 intercistronic region of str mRNA of E. coli (mRNA103/104). A putative RNA
binding site of S7, the termination codon of S12, Shine-Dalgarno sequence and the initiation codon of S7 are in stippled boxes. The ¢rst A of
S7 AUG is +1. The sense part of mRNA63/68 is marked by dissecting line with the number 63. A: Saito-Nomura model with the original
numbering of the secondary structure elements [6]. B: This model combines two functionally important segments of the hairpin via double
stranded formation within the interior loop 2. C: This model combines two functionally important segments of the hairpin via pseudoknot for-
mation.
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protein binding, are needed to sustain the proper conforma-
tion of the RNA. Some theoretical reasons favor the second
option. We carried out a thorough analysis of all possible
secondary structure elements of the initial RNA151/240 frag-
ment. This was accomplished by the trivial dot-matrix analysis
gaining to achieve eventually a most integral ¢nal structure of
the mRNA fragment. A structure has to allow the status of
stem V to in£uence the status of stem II, and vice versa. It
turned out that it is possible to achieve extended inter-stem
stacking interactions if stem V comes for a coaxial stacking
with stem III (Fig. 3). The putative interior loop 2 can be
structurally organized in two ways. First, a double stranded
structure can be formed if an A-G base pair is allowed, which
is not a rare element of the RNA secondary structure [15,16].
Second, an interesting feature of the intercistronic str mRNA
fragment structure is the possibility of an alternative forma-
tion of a pseudoknot. At present, there are no solid data to
prefer either one of the structures. Nevertheless, if we assume
that any structure which unites stems V, IV and III with stem
II exists, then a combination of our data and those of Saito
and Nomura (e.g. KS18-2 mutant [6]) may bring some struc-
tural rationale into the mode of feedback regulation of the
translational coupling by protein S7.
The main point is that the intercistronic mRNA hairpin has
an integral structure. It allows stems III, IV, and V (putative
S7 binding site) to interact with stem II (Shine-Dalgarno se-
quence) via extended interactions of a double stranded region
formed by interior loop 2. Stem II nests a structure of an
apparent S7 binding site, therefore the isolated RNA frag-
ment, mRNA63/68, loses its ability to bind the protein. And
vice versa, the binding of S7 to stems III, IV, and V can
modulate the status of stem II, thus in£uencing translational
coupling.
The AUG initiation codon of S7 belongs to stem I. It is
separated from the proposed integral system by interior loop
1. Therefore its status is not a¡ected by S7 binding and pro-
vides some independent basal level of S7 translation.
To our knowledge E. coli is a ¢rst bacterial example studied
so far that has this versatile mode of regulation of str operon
translation for the S7 protein [1]. T. thermophilus str operon
does not have an extended intercistronic region, allowing a
simple sliding mode for translational coupling. At the mo-
ment, we can only guess what is the selective advantage for
E. coli to have this regulatory RNA structure. One obvious
speculation is that a basal level of S7 translation creates a
kind of stand-by situation. S7 is a key protein of the assembly
of the ribosomal small subunit. In the case of a rapid shift-up
and turning on the rRNA synthesis this speci¢c system of
translational regulation provides an initial amount of S7 for
the immediate assembly of the ribosomes.
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